Commentary
The brain receives a disproportionate amount of blood flow, relative to its weight. There are many possible explanations for this phenomenon, but provision of energy substrates, based on metabolic demand, is thought to be one major factor. Evidence for changes in blood flow during seizures includes signal changes using SPECT during a seizure (1) and decreased blood flow in the area surrounding a seizure focus 1 to 5 seconds prior to a seizure in a feline model (2) . In contrast to blood flow, the study of metabolism underlying seizures is an underexplored and somewhat poorly understood area of scientific inquiry. There are major unanswered questions in this field, including whether energy deficits lead to seizures (or vice versa) and which metabolic pathways predominate during seizures (i.e., glycolysis or oxidative metabolism). The cyclical nature of many metabolic pathways inevitably leads to the chicken or the egg conundrum-that is, which part of a metabolic pathway is most impacted by seizures; what is the cause and what is the effect? The importance of energetics in epilepsy is suggested by mitochondrial dysfunction in epilep-tic foci of rodents and humans with epilepsy (3) and mitochondrial DNA mutations that are associated with epilepsy (e.g., myoclonus epilepsy with ragged red fibers) (4) . Another line of evidence comes from treatment of epilepsy using the high-fat, low-carbohydrate ketogenic diet, which alters the quality and quantity of metabolic substrates, resulting in altered mitochondrial physiology (5) .
The highlighted study by Ivanov et al. provide elegant data on energy metabolism during seizures in their latest contribution from a line of work that models seizure dynamics from first principles (6) . Although somewhat intimidating at first glance, only a few basic facts from basic biochemistry are needed to understand the main points. NADH is made in both the cytoplasm and mitochondria, while flavin adenine nucleotide (FAD+) is made primarily in the mitochondria (where the bulk of oxygen consumption occurs). Each of these intermediates can be measured fluorometrically. Measurements were made in intact hippocampi dissected from postnatal day 5 (P5) and 7 (P7) mice, which is roughly equivalent to a late third trimester human infant.
By exposing the tissue to a low-magnesium solution (increasing neuronal firing activity by sensitizing mainly extrasynaptic NMDA receptors to the endogenous excitatory amino acid glutamate), a wide spectrum of abnormal activity was observed, including (in increasing order of severity) Interictal spikes, ictal responses, and status epilepticus are characteristic of abnormal neuronal activity in epilepsy. Since these events may involve different energy requirements, we evaluated metabolic function (assessed by simultaneous NADH and FAD+ imaging and tissue O2 recordings) in the immature, intact mouse hippocampus (P5-P7, in vitro) during spontaneous interictal spikes and ictal-like events (ILEs), induced by increased neuronal network excitability with either low Mg2+ media or decreased inhibition with bicuculline. In low Mg2+ medium NADH fluorescence showed a small decrease both during the interictal build-up leading to an ictal event and before ILE occurrences, but a large positive response during and after ILEs (up to 10% net change). Tissue O2 recordings (pO2) showed an oxygen dip (indicating oxygen consumption) coincident with each ILE at P5 and P7, closely matching an NADH fluorescence increase, indicating a large surge in oxidative metabolism. The ILE O2 dip was significantly larger at P7 as compared to P5 suggesting a higher metabolic response at P7. After several ILEs at P7, continuous, low voltage activity (late recurrent discharges: LRDs) occurred. During LRDs, whilst the epileptiform activity was relatively small (low voltage synchronous activity) oxygen levels remained low and NADH fluorescence elevated, indicating persistent oxygen utilization and maintained high metabolic demand. In bicuculline, NADH fluorescence levels decreased prior to the onset of epileptiform activity, followed by a slow positive phase, which persisted during interictal responses. Metabolic responses can thus differentiate between interictal, ictal-like and persistent epileptiform activity resembling status epilepticus, and confirm that spreading depression did not occur. These results demonstrate clear translational value to the understanding of metabolic requirements during epileptic conditions.
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interictal-like events (similar to repetitive interictal spikes), ictal-like events (rapid-firing events with some evidence of ictal evolution), and low-amplitude oscillations that were sometimes accompanied by late recurrent depolarizations (thought to represent a form of status epilepticus). In the P5 hippocampi, oxidative metabolism, reflected by NADH and FAD+ fluorescence and tissue oxygen levels, increased gradually with the onset of interictal-like events, but the transition to an ictal-like event was characterized by a short, rapid increase in oxidative phosphorylation, then just before the event terminated, an abrupt decrease in oxidative phosphorylation. The duration of the change in NADH fluorescence was the same as the duration of the ictal-like event. The recovery of the NADH signal was incomplete with each recurrent event, suggesting a lack of full recovery after each event, with increasing evidence of metabolic dysfunction as the events recurred. Most of the NADH signal originated in the CA1 region of the hippocampus, which is one area, along with the subiculum and the dentate gyrus, where neuron firing increases minutes prior to spontaneous seizure onset in a rat model of epilepsy, thus providing some cross-validation of the current study (7) . NADH fluorescence showed similar findings in the P7 hippocampi except that there was an initial increase in oxidative phosphorylation, rather than a decrease noted in the P5 preparations, which suggests developmental differences between these time points. In P7 hippocampi, after 2 to 5 ictal-like events, there was a period of low-amplitude oscillations that persisted even after magnesium levels were corrected. Late recurrent discharges (one model of status epilepticus) also were noted with a shift in the baseline electrical activity of the preparation at P7 but not P5. Although oxidative phosphorylation decreased over time, there was an eventual return to baseline during the period of low-amplitude oscillations at P7, indicating some spontaneous recovery despite ongoing electrical activity (and demonstrating that different types of neuronal firing have distinct metabolic profiles). Tissue oxygen levels at the end of recording were low but never reached zero; thus, the recorded phenomena were not the result of a complete lack of oxygen, as commonly believed.
To validate their findings in a model of decreased inhibitory activity (in contrast to the effects of a low-magnesium environment, which affects mainly extrasynaptic NMDA-type glutamate receptors) in the P7 hippocampus, the investigators used bicuculline, a synaptic GABA A receptor antagonist. Prior to changes in local field potentials, there was an initial brief increase in oxidative phosphorylation, followed by ictal-like events or interictal-like events and a concomitant decrease in oxidative phosphorylation, again evidenced by changes in NADH, FAD+, and tissue oxygen levels. In contrast to the events induced by low-magnesium conditions, bicucullineinduced ictal-and interictal-like events were brief, and interictal-like events predominated the recording. Late recurrent discharges were not noted in bicuculline-treated tissue. In a direct comparison, oxidative phosphorylation rates were higher during interictal-like events induced with bicuculline than in low-magnesium conditions, suggesting that different types of seizure-inducing stimuli may result in different metabolic profiles.
The main conclusions from this work are that oxidative phosphorylation is increased during ictal-and interictal-like events using two disparate stimuli at P5 and P7, and late recurrent depolarizations are accompanied by increased oxidative phosphorylation at P7, as well. The presence of late recurrent depolarizations appears to be an age-related (and likely circuit-related) phenomenon, possibly reflecting changes in ion concentrations, receptor/transporter expression, or both. Spontaneous recovery of the metabolic response despite ongoing epileptiform activity also refutes the "metabolic failure" hypothesis of status epilepticus. The authors point out that although immature tissue was used, similar metabolic responses have been noted in more mature tissue. Of interest, data from intact hippocampi are in disagreement with those obtained from organotypic hippocampal tissue slices, evidenced by a lack of evidence of spreading depression and the absence of "metabolic failure. " The reason for these differences is assumed to be due to the more intact preparation used in this study but additional studies are needed to prove the point.
A number of questions are raised by this very informative study. Because tissue oxygen concentrations vary by depth of tissue in explanted preparations such as the ones used here, it would be interesting to measure these responses in live tissue that is perfused by blood vessels at all hippocampal depths, rather than relying on an artificial CSF-perfused chamber (technical limitations preclude using the types of measurements made here). Also, varying the types of metabolic substrates might be informative-this study was carried out in media containing 10 mM glucose, but would the findings have been different under conditions of ketosis? Because younger tissue is better adapted to using ketone bodies as fuel, the findings here might be different if compared with older tissue that is exposed to different metabolic precursors. Truly hypoxic conditions were not observed, so it is unlikely that providing additional oxygen would alter recorded field potentials-but would altering hypoxia-related pathways (e.g., hypoxiainduced factor 1α) be a viable therapeutic intervention? Conversely, do these data reflect an adaptive response, rather than pathological one? Finally, which cell types in the hippocampus contribute most significantly to these metabolic changes, and what happens to neuron-glia metabolic coupling?
In summary, the authors have elegantly demonstrated the metabolism changes that accompany a variety of epileptiform events in intact young hippocampus. The data counter some long-held beliefs, thus feeding and increasing our appetite for further knowledge of the importance of metabolism in seizures.
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